The manufacturing of a large deployable antenna structure for space application with high surface accuracy requirements has been the subject of many studies. This paper presents different methods of predicting the influence of manufacturing imperfections on the surface accuracy of the antenna. The direct method, based on Monte Carlo simulation takes into account the random distribution of manufacturing tolerances of the antenna structure individual members. In this method many versions of the same structure with different member length errors are created and analyzed for surface accuracy using the finite element method. The results are then evaluated to generate the manufacturing requirements needed for a specified surface. The Inverse Frequency Squared Method, an indirect method, uses the structural natural frequencies to estimate the surface accuracy due to random errors of the individual members. In addition the sensitivity of the surface distortion to individual member error is computed using a direct method and an indirect method based on the normal mode technique.
The application of the different methods to analyze an AstroMesh™, a large deployable parabolic mesh antenna, and RADARSAT Synthetic Aperture Radar (SAR) antenna is presented in this paper. Finally, the advantages and feasibility of each method is discussed.
Introduction
The manufacturing of a large antenna structure for space application with high surface accuracy requirements has been the subject of many studies Ref. 1, 2, and 3. For structures with no active compensator to correct for manufacturing errors, it is important to estimate the antenna surface distortion due to manufacturing process well before it is built and hence generate the necessary requirements for the member manufacturing tolerances.
The evaluation of different computational methods to estimate the surface distortion is the subject of this paper. Two different methods have been examined to estimate the surface distortion of the antenna structure. The first method is based on Monte Carlo simulation that takes into account the random distribution of manufacturing tolerances of the individual members of the antenna structure. The Inverse Frequency Squared Method (IFSM), Ref. 2, an indirect method, uses the structural natural frequencies to estimate the surface accuracy due to random errors of the individual members. The main purpose of IFSM method was to estimate the requirements for the manufacturing tolerances at the early stages of the design using the natural frequency results from available closed form solutions. However the same method can be applied using computed natural frequency from finite element analysis.
In addition the information pertaining to the sensitivity of the surface distortion to individual member error is important especially for reflectors with high accuracy requirements [diameter-tosurface-error ratios greater than 50,000]. The sensitivity information can be used to generate the tolerance requirements more intelligently minimizing the manufacturing cost while maintaining the required accuracy. In the previous two methods the overall behavior of the structure with regards to manufacturing errors are examined. Two different methods are purposed for evaluating the sensitivity information. The direct method is based on the variance summation theorem for independent random numbers. The second method utilizes the normal mode technique used for dynamic analysis.
A 12-meter AstroMesh, a large deployable parabolic mesh antenna illustrated in Figure 1 .0-1, and RADARSAT SAR antenna illustrated in Figure  1 .0-2, are analyzed using the different methods. 
Analysis
The manufacturing error of the individual structural members is related to the specified tolerances on the engineering drawings. These tolerances take into consideration the error associated with assembly fixtures and errors such as variation of the thermal environment of the assembly area, errors of the measuring equipments, and effects of gravity on the members during the assembly. In the following sections the manufacturing error of individual member j is referred to by unit error ∈ j , the error divided by the length.
The error in the structural elements will distort the antenna surface resulting in a phase shift to the signal emitted locally from the antenna surface by reflection or direct radiation.
The degradation of the antenna performance is related to the square of the phase deviation that in turn depends on the mean square of the surface distortion The normal displacement δ i of the node i is
Where q i is the displacement components in the global coordinate and i n is the unit vector normal to the surface at node i.
The mean square of the normal displacement of the reflector surface is
Where N is the number of the nodes on the reflector surface. 
Monte Carlo Analysis
The Monte Carlo simulation takes into account the random distribution of manufacturing tolerances of the antenna structure individual members. In this method many versions of the same structure with different member length errors are created and analyzed for surface accuracy using the finite element method. The results are then evaluated to generate the manufacturing requirements needed for a specified surface.
The process of estimating the surface error as the result of manufacturing tolerances of the individual members is:
• Assume that the unit error in the jth structural member, ∈ j , has a normal distribution with zero mean and a standard deviation σ ∈j equal to 1/3 of the total tolerances.
• Generate a random unit error, ∈ j, for each structural member.
• Analyze the structure with the finite element method using the unit random errors as initial axial strains.
• Evaluate the mean square of the normal displacement of the reflector surface for the kth sample 2 k W using Equation (2).
• Repeat the above steps until a large sample is found (order of 100).
• Analyze the samples to determine the mean, standard deviation, and maximum expected value of W . It is worth noting that the population of W has a Rayleigh distribution with a mean value
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• Also the average value of the 2 W will be used for comparison of different methods where
Inverse Frequency Squared Method
The mean square of the surface error 2 W can be estimated using the inverse frequency squared method described in Ref. 2 . The main purpose of this method was to estimate the requirements for the manufacturing tolerances at the early stages of the design using the natural frequency results from available closed form solutions. However the same process can be used with computed natural frequencies using the finite element method.
In this indirect method a special frequency analysis is required in which the weighted lump masses will be assigned on the reflector surface nodal points in the direction normal to its surface. Then the computed natural frequencies ω i will be used to estimate the average 2 W :
where n is the number of modes; EA, L, and σ ∈ are the reference axial stiffness, length, and standard deviation of the member error, respectively, and m is the total weighted mass. In Ref. 2 the following assumption has been made:
Where σ ∈j is the standard deviation of the error in the jth structural member.
Direct Method
In the previous two methods the overall behavior of the structure with regard to manufacturing errors are examined. However if the sensitivity of the surface distortion, 2 W , to individual member error is required, then the Direct Method discussed in this section can be used.
Assuming errors of the individual structural member are independent and using the addition theorem of variances: This method is very useful for truss structures with few elements in which m finite element analyses are needed to calculate 2 W . However for structures with many elements (order of 1000), the feasibility of this method become more questionable.
Normal Mode Method
For structures with many elements the sensitivity of the overall surface accuracy 2 W with respect to individual truss element error σ ∈j , i.e., The displacement of reflector surface nodal points q can be written in normal coordinates η:
Where φ i is the ith mode shape. The equation of motion written in the normal coordinates is:
Where ω i and M i , the ith natural frequency and modal mass, are:
M is the mass matrix, K is the stiffness matrix, F is the force matrix corresponding to the element initial strain. Note, that in the finite element analysis the element initial axial strain ∈ j is accounted for by applying an opposite force to the two end nodes along its axis ê equal to
Solving equation 9 and ignoring the dynamics term results in:
The advantage of this method over the direct method is that only one frequency analysis, using the finite element method is required to calculate the modal properties. The force vector F ∈j can easily be constructed for each structural member error ∈ j outside the finite element software with data readily available from the finite element 
RADARSAT
The ESS structure selected for this study is an earlier version of the final product and is presented in Figure 3 .1-1, Ref. 6. The ESS structure has two symmetrical wings and each wing has 15 individual truss elements with identical structural properties. The analysis is performed only for one of the wings and the finite element model is presented in Figure 3 .1-2. 
Monte Carlo Method
A Monte Carlo simulation has been performed to evaluate the surface accuracy of the proposed ESS. In this study the error for each truss member is introduced as a random axial strain with zero mean and standard deviation σ ∈  = 0.0001.
These random errors have a normal distribution and are independent of each other. The analysis was performed for 100 samples and the results are presented in Table 3 .1.1-1. The square root of the average of 2 W will be used to compare with other methods. However it is worth noting the minimum, maximum and average of the root mean square surface error, W . Also the distribution of the surface error root mean square W has a typical Rayleigh distribution. The maximum expected value based on a 3-sigma value is also presented in Table 3 .1.1-1.
The maximum expected value of 6.57 x 10 -3 m is greater than the maximum sample of 5.42 x 10 -3 m. In order to generate a sample equal to 3-sigma value a sample of 500 is required. The simulation was repeated for a sample of 500 and the maximum sample of 6.53 x 10 -3 was found with no significant changes to the 2 W .
Inverse Frequency Squared Method
A special frequency analysis was performed with unit lump masses on the antenna surface that are effective only in the direction normal to its surface. The results are presented in Table 3 The results are presented in 
The frequency analysis was repeated with modified EA's for individual members. The results are presented in Table 3 .1.2-2. Note that the result for the method B is identical to the Monte Carlo simulation. The disadvantage of this approach is that for structure with many elements it becomes impractical to generate many different properties. Therefore the first approach would be preferred for structures with large numbers of elements.
Direct Method
The direct method requires 15 different finite element analyses to be performed for each truss member error. In each analysis one of the truss member axial strains are introduced and the resulting surface distortion are evaluated using Equation (7). The results are presented in Table  3 .1.1-1 and it shows a very close correlation to the other methods. Also the contribution of each truss member error is presented in Figure 3 
Normal Coordinates Method
The results of the first frequency analysis discussed in Section 3.1.2 are used for this analysis. The results are presented in Table  3 .1.4-1. Note that contribution of the first mode to the overall surface error root mean square, 2 W , is about 90%. Also the contributions for each truss member error using only the fundamental mode and the first two modes are presented in Figure 3.1.4-1 . Note that the results show close correlation to those from direct method. 
AstroMesh
The AstroMesh is made up of a ring type truss structure with three generic truss elements (longeron, batten, and diagonal), the front and rear nets, ties, and a mesh. The front and rear nets form the front and rear parabola of the reflector assembly. They are connected to each other with the tie assemblies. The shape of the nets, pre-loaded by the ties, defines the shape of the front face of the reflector, to which the mesh is attached. A typical 12-meter AstroMesh is selected for this study and its finite element model is presented in Figure 3 .2-1. The finite element model has 1800 individual truss elements with different structural properties as presented in Table 3 .2-1. For the purpose of comparing the accuracy of the different methods the Z components of surface distortion are used in the analysis. The same approach can easily be utilized to evaluate the distortion in the direction normal to the surface. A Monte Carlo simulation has been performed to evaluate the surface accuracy of the AstroMesh structure. In this study a typical error for each truss member is introduced as a random axial strain with zero mean and standard deviation σ ∈ as presented in Table 3 .2.1-1.
These random errors have a normal distribution and are independent of each other. The analysis was performed for 100 samples and the results are presented in Table 3 .2.1-1. The square root of the average of 2 W will be used to compare with the other methods. However it is worth noting the minimum, maximum and average of the root mean square error, W . The distribution of the surface error root mean square W has a typical Rayleigh distribution. The maximum expected value based on a 3-sigma value is also presented in Table 3 .2.1-1.
Frequency Method
A special frequency analysis was performed with unit lump masses on the antenna surface that are effective only in the z-direction. The first two mode shapes are presented in Figure 3 .2.2-1. Note that the first mode is the only major mass mode and the remaining modes are the local modes of the antenna surface. In order to use Equation (5), the reference values for EA, L, and σ ∈ 2 are selected as was discussed in Section 3.1.2, method A. American Institute of Aeronautics and Astronautics The results are presented in Table 3 .2.1-1. Note that contribution of the first mode to the overall root mean square surface error from the Monte Carlo Method, 2 W , is about 80%. It is important to note that in this type of structure there are many local modes of the reflector surface with closely spaced frequencies that makes it much harder to apply this method.
The application of second approach discussed in Section 3.2.2 is not practical due to the large number of structural elements. 
Direct Method
The direct method requires 1800 different finite element analyses to be performed for each truss member errors. In each analysis only one of the truss member axial strains are introduced and the resulting surface distortions are evaluated using Equation (7). The results are presented in Table 3 .2.1-1 and it shows a close correlation to the Monte Carlo method. The contribution of each truss member error is presented in Figure  3 .2.3-1. Also the first ten elements with highest contribution are listed in Table 3 .2.3-1.
It is clear that the contribution of the error of the A-frame and longerons at the support dominates the resulting surface error. 
Normal Mode Method
The results of the frequency analysis discussed in section 3.2.2 are used for this analysis. The results are presented in Table 3 .2.1-1. Also the contribution of each truss member error using only the fundamental mode is presented in Figure 3 .2.4-1 and Table 3 .2.3-1, the results show close correlation to those from the direct method. American Institute of Aeronautics and Astronautics using the Direct Method is the most accurate, in addition it provides the sensitivity data. The disadvantage of the Direct Method is the number of finite element analyses that are needed. Therefore, for structures with small number of truss elements (<100) the Direct Method is recommended.
The advantage of the Monte Carlo Analysis is that with about 100 finite element analyses a good sample of different cases are produced and usually it does not depends on the number of truss elements, also each individual case represents a real case.
Finally, for predicting the sensitivity data for structures with large number of elements (>100) the Normal Mode Method is recommended.
